ABSTRACT. Soils under pastures suffer physical modifications, in greater or lesser intensity, via the action of animal trampling. Thus, the aim was to evaluate the spatial dependence of soil physical attributes under bovine trampling. The trial was performed at Roçadinho Farm, Agreste of Pernambuco, Brazil, in a 40 x 40 m paddock that was managed with continuous stocking by bovines and 12 AU ha -1 stocking rate. Soil samples were collected before and after grazing using a 6 x 6 m grid, totaling 36 sampling points. At each point, the bulk density, total porosity, moisture, soil penetration resistance at 0.00 -0.10, 0.10 -0.20, and 0.20 -0.30 m depth were estimated, as was the hydraulic conductivity on the saturated soil surface. Descriptive statistics and geostatistics supported the data analysis. A normal distribution was verified for all variables, which were scored as either low or high variability in terms of the variation coefficient. The physical attributes (density, total porosity, moisture, soil penetration resistance and hydraulic conductivity) of the soil sampled presented a strong spatial dependence before and after grazing.
Introduction
Dairy livestock are of great economic importance for Agreste of Pernambuco State, where pastures occur across most of the region. Thus, research on this topic is of fundamental importance in supporting decisions by farmholders.
Soil diversity and its physical, chemical, biological, mineralogical, and morphological attributes, as well as its relief, stony characteristic, and climate, cause soils to respond differently to management, machine traffic, and animal trampling (Magliano, Fernández, Florio, Murray, & Jobbágy, 2017) .
Soil under grazing suffers physical modifications in greater or lesser intensity via the action of animal trampling (Rauber et al., 2018; Spera, Santos, Fontaneli, & Tomm, 2010) . Different soil attributes have been used to characterize the physical changes caused by compaction due to animal trampling or even due to different pastureland management practices. The physical parameters that are commonly used to characterize soil under pasture include bulk density, porosity (Cardoso, Wanderley, & Souza, 2016; Carvalho, Ruiz, Costa, Passos, & Araújo, 2014) , soil penetration resistance (Cubillos et al., 2016; Redin et al., 2017) , and soil-water infiltration (Cullotta et al., 2016; Suárez, Navarro, Campos, Flores, & Mejía, 2018) .
Compaction refers to the initial stage, type, and water content present in soil (Costa et al., 2012; Pilon et al., 2017; Stavi, Shuker, Barkai, Knoll, & Zaady 2018) . Thus, the compaction caused by animal grazing changes physical attributes through the repetitive and cumulative effects of trampling on soil (Capurro, Secco, Reichert, & Reinert, 2014) . For this reason, porosity and the amount of water infiltration tend to decrease as the soil density and penetration resistance increases (Frolla, Aparicio, Costa, & Krüger, 2018) . Thus, compacted soil can restrict plant root development (Ortigara et al., 2014) and diminish water infiltration (Miguel, Vieira, & Grego 2009 ). Consequently, pasture productivity is reduced (Bonetti, Paulino, Souza, Carneiro, & Silva, 2015) .
Soil-water infiltration is a physical quality indicator for integrating factors that directly affect plant development (Pulido, Schnabel, Contador, Lozano-Parra, & González, 2018) . In fact, infiltration velocity can represent the soil hydraulic conductivity, which becomes constant after a determined time (Di Prima et al., 2018; Nascimento, Almeida, Batista, & Coutinho, 2017) .
The quantitative and qualitative characteristics of soil physical attributes in pastures as well as their spatial variability can be precisely realized by geostatistical analysis, which is an important tool in decision making processes and can support adjustments in soil management and pasture conservation (Bernardi et al., 2016; Wang & Shao, 2013) .
Continuous stocking by bovines can modify soil physical structure in the long-term. Thus, we aimed to evaluate the spatial dependence of penetration resistance, moisture, bulk density, porosity, and hydraulic conductivity of soil under pasture in Agreste of Pernambuco State. The experimental area was 40 x 40 m, wherein a 6 x 6 m grid was used, resulting in 36 sampling points, with a 5-m border and a 8 x 10 m rest area for animals attached to the pasture that contained water and 16 m 2 of shade (Figure 1 ). The soil was prepared with a harrow plow prior to planting, and fertilizer was not applied because the area had no declivity. The management system was continuous stocking in soil under pasture composed of Brachiaria decumbens, a drought-resistant crop plants. Grazing was performed by three girolando heifers, each with a 300 kg body weight. The grazing period started when the canopy had a 90-cm height and ended when it had a 20-cm height, as suggested by Fidalski and Alves (2015) . For each sampling point, the penetration, moisture, bulk density, total porosity and particles density of soil at 0.0 -0.10, 0.10 -0.20, and 0.20 -0.30 m depth, and hydraulic conductivity on saturated soil surface were measured. Sample collection was performed prior to and after grazing. For an undisturbed soil sample, an Uhland sampler was used.
Material and methods
The density of particle (Dp) was estimated by the volumetric flask method. Gravimetric moisture (GM) was estimated by oven drying, and soil bulk density (BD) was estimated by the volumetric ring method, with Acta Scientiarum. Agronomy, v. 41, e39594, 2019 the soil dried mass kept at 105°C and using an extraction ring of known volume. Total porosity (TP) was calculated by the correlation between BD and Dp (EMBRAPA, 2011) .
To measure soil penetration resistance (PR) a penetrometer of reduced impact was used (model IAA/Planalsucar/Stolf), with number of impacts dm -1 transformed to dynamic resistance (MPa) according to Equation 1 proposed by Stolf (1991) . The soil-water surface infiltration was characterized using the Beerkan method, which is based mainly on simplified infiltration assays and analyzing the soil particle size distribution (Di Prima, Lassabatere, Bagarello, Iovino & Angulo-Jaramillo, 2016). A PVC ring was used with a 150 mm diameter, 15 volumes of 150 mL water, and a chronometer. In the grazing area, the ring was inserted in the soil at a 1-cm depth to avoid lateral losses of water during the process. The water volumes were consecutively spilt in the cylinder, where another volume was spilt after every emptying. The time required for every volume to infiltrate into the soil was recorded, and the process was stopped when the infiltration velocity became constant or after 15° of volume emptying. Hydraulic conductivity was estimated as described by Bagarello, Di Prima, Iovino, and Provenzano (2014) in Equation 2. According to the authors, this methodology should be applied only for soil surfaces. α -adopted 0.012 as suggested by Reynolds, Bowman, Drury, Tan, and Lu (2002) , for practices in permeameter and infiltrometer in soil that ranges from thick sand to compacted clay.
Initially, descriptive statistical analyses (minimum, maximum, average, median, standard error, coefficient of variation, asymmetry, and kurtosis) were performed on the soil physical attribute data collected in the field trial. The data normality hypothesis was estimated by Kolmogorov-Smirnov test.
To verify the spatial variability of variables over time, the results were analyzed by geostatistical methods of semivariogram analysis (Vieira, 2000) . Spatial autocorrelation among neighbors was estimated by semivariance γ (h), through Equation 3: To analyze the spatial dependence degree (SDD) of soil attributes the classification of Cambardella et al. (1994) was applied. Strong spatial dependence was considered for semivariograms with a nugget effect < 25% of threshold, moderate for those between 25 and 75%, and weak for those > 75%.
Variability of parameters was estimated using the coefficient of variation as reported by Warrick and Nielsen (1980) , where: CV < 12%, 12 ≤ CV < 60%, and CV ≥ 60% represented low, moderate, and high variability attributes, respectively.
Results and discussion
The results for descriptive statistics before and after grazing showed similarity for the average and median, which indicated a symmetric distribution; the measures of central tendency were dominated by typical values in the distribution (Tables 2 and 3 ). According to the Kolmogorov-Smirnov test, all variables had normal distribution, with coefficients of asymmetry and kurtosis similar or equal to zero (Cunha et al., 2017) .
The coefficient of variation (Table 2 ) revealed low variability for soil bulk density (BD) at all depths and total porosity (TP) at a 0.0 -0.1 m depth, similar to the results of Ribeiro et al. (2016) , who observed the spatial variability of cohesive soil physical attributes submitted to conventional management and direct seeding methods. Penetration resistance (PR) for 0.1 -0.2 m and 0.2 -0.3 m depth, gravimetric moisture (GM) for all depths, TP for 0.1 -0.2 m and 0.2 -0.3 m depth, and hydraulic conductivity (K 0 ) all had moderate variability. The PR for 0.0 -0.1 m showed high variability, as also reported by Mion et al. (2012) , who analyzed the spatial variability of the physical attributes in a yellow argisol under alternate sheep grazing; those authors attributed their results to high variability of the average, showing a distribution with high heterogeneity of data. After grazing, BD and TP had low variability for all depths sampled, which was also found by Guimarães, Junior, Marques, Santos, and Fernandes (2016) , who evaluated the spatial variability of soil physical attributes in latosol, argisol, and cambisol pastures and reported that their results were due to bovines having preferred spots in a pasture, which can promote greater soil heterogeneity. The PR, GM, and K 0 showed moderate variability (Table 3) . In a study performed in Agreste of Pernambuco State by Tavares et al. (2014) , the coefficient of variation was low for GM and moderate for PR. According to Santos et al. (2012) , low variability shows lower attribute heterogeneity for the experimental area sampled, whereas moderate variability occurs due to soil use and management associated with machines and their implements as well as geomorphological processes, which provide greater homogenization of sand and clay. High variability indicates large soil heterogeneity in the field trial sampled.
The PR showed averages that were classified (Table 2) as moderate, high, and very high prior to grazing and as high, very high, and extremely high after grazing at 0.0-0.1, 0.1-0.2, and 0.2-0.3 m, respectively. Similar results were observed by Torres, Rodrigues Junior, Sene, Jaime, and Vieira (2012) , who considered PR to be very high at six soil depths (0.0 through 0.6 m) in a pasture. According to Silveira, Melo Filho, Sacramento, and Pinto Silveira (2010) , values between 2 and 2.5 MPa have been indicated as thresholds for soil penetration resistance of most plant species.
A small increment in soil moisture was observed after grazing due to precipitation that occurred prior to sample collection.
The BD had an average of 1.6 kg dm -3
. According to Reichert, Reinert, and Braida (2003) , a density values of 1.65 kg dm -3 in sandy soils indicates a high probability of root growth restriction. In conventional grazing over 10 years, Guimarães et al. (2016) reported 1.27 kg dm -3 BD. The BD increase, which occurred mainly at the shallowest depths, can be related to high-intensity bovine trampling and, consequently, pasture degradation. As reported by Cecagno et al. (2016) , BD is normally modified by bovine trampling and soil degradation, mostly at 0.0 -0.1 m depth. The TP and K 0 average declined 2.93 and 5.65, 4.16 and 50.00%, respectively, after grazing; the decline in these factors can be explained by increases in PR and GM. The TP results observed in our study were similar to those of Lanzanova et al. (2007) , who estimated the total porosity in soil under grazing (4 UA ha for caatinga; however, soil management under pasture significantly changed the saturated hydraulic conductivity that was affected by animal trampling.
All semivariograms of the variables in this study were adjusted to the spherical model (Tables 4 and 5 ). This model has mostly been applied to describe the variability of soil attributes (Cambardella et al., 1994; Ribeiro et al., 2016) .
By geostatistical analysis through semivariograms, TP had no spatial dependence at depths of 0.1-0.2 and 0.2-0.3 m after grazing (Table 5) . Thus, the variability of this variable can be considered aleatory, and lower spacing will be necessary for sample collection to detect spatial dependence, as suggested by Cambardella et al. (1994) . Likewise, Guimarães et al. (2016) reported a pure nugget effect for TP at 0.10 and 0.15 m after applying 10 x 10 m spacing to estimate the spatial dependence of the physical attributes of soil under pasture. The spatial dependence degree (SDD) was classified as strong for other variables analyzed. The SDD results were similar to those of Soares et al. (2015) , who observed the spatial dependence of soil physical attributes under pasture. Modification of spatial variability of PR before and after grazing can be explained by the fact that animals that are managed under continuous grazing stay in the same paddock without rest time. Additionally, clumped grass growth can promote bare soil with greater impact of animal hoof pressure. Consequently, there is a greater tendency for compaction, which was confirmed after grazing due to greater penetration resistance (Fernández, Alvarez, & Taboada, 2015) . The threshold for BD suggested by Reichert et al. (2003) . This value was surpassed across a large portion of the sampling area, mainly at 0.0 -0.1 and 0.1 -0.2 m depth after grazing. Likewise, Lima, Silvino, Melo, Lira, and Ribeiro (2015) studied a pasture with continuous grazing at Brejo of Paraíba and reported an average BD of 1.6 and 1.5 kg dm -3 at 0.0 -0.10 and 0.10 -0.20 m, respectively. According to Costa et al. (2012) , the BD can be affected by animal trampling, especially at depths of 0.0 -0.10 and 0.10 -0.20 m.
In pastures with bovine rotational stocking and a 12 AU ha -1 stocking rate, Ortigara et al. (2014) reported that animal trampling changed the soil structure by increasing the BD and PR and decreasing the porous space. Thus, these findings are similar to those of our study.
In contrast to the literature, Bonetti et al. (2015) studied the soil physical attributes and soy bean productivity of a pasture managed with different stocking rates (1.5, 2.5, and 3.5 AU ha -1 ) and canopy heights (0.25, 0.35, and 0.45 m) in a dystroferric Red latosol. The authors reported that after 120 grazing days, the soil physical attributes had small changes that were maintained near the threshold considered normal. Furthermore, the authors reported that a low stocking rate and soil moisture could have contributed to fewer impacts of animal trampling.
The TP and K 0 decreased as PR and BD increased (Figures 2, 3 , 4, and 5), the results similar to findings of Guimarães et al. (2016) . According to Mion et al. (2012) , TP shows a strong correlation with PR, which tends to increase as TP is reduced. The increase of PR and BD and the decrease in TP are responsible for the decrease in K 0 and, therefore, for increased water runoff from rain or irrigation, which exacerbates the erosion process (Stefanoski, Santos, Marchão, Petter, & Pacheco, 2013) .
Iglesias, Galantini, Krüger, and Venanzi (2014) also observed similar results when they evaluated TP distribution in areas with bovine trampling and different plant systems. The authors reported that trampling by animals reduced TP, mainly at a depth of 0.0 -0.1 m. ) after grazing time.
The K 0 was markedly reduced after grazing time, mainly due to the increased BD and PR, with a reduction in porosity. Likewise, Miguel et al. (2009) evaluated soil water infiltration as a function of trampling intensity at an alternate stocking rate (6 AU ha -1 ) and reported a reduction of 70% for K 0 after the fifteenth grazing period through paddocks ( Figure 5 ).
An evaluation of the compaction of the soil surface caused by 120 bovines grazing in a 100 x 70 m pastureland during three weeks by Tuffour, Bonsu, and Khalid (2014) found that grazing at any intensity affected the soil water infiltration because the animal hoof pressure greatly reduced the porous space of soil, which supported our results.
According to our results, after 21 days of grazing, animals degraded the soil with physical modifications, which is related to overgrazing, and management can modify soil physical attributes. However, grazing does not affect the soil physical quality in continuous or alternate stocking systems, as long as the stocking rate and forage mass are controlled (Fidalski et al., 2008) . Adopting good management and maintaining the pasture can be a solution for those problems. 
Conclusion
Penetration resistance, moisture, bulk density, and hydraulic conductivity of the soil had a strong spatial dependence before and after grazing.
Soil physical attributes were modified after grazing, which increased the penetration resistance and bulk density and reduced the hydraulic conductivity and total porosity.
